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Highlights 
 The oxidation resistance of Mg-9Al-1Zn was improved by combined alloying with Be and Ca. 
 Alloying with 20 wt ppm Be plus 0.5 wt.% Ca let to higher oxidization resistance than 
alloying with 60 wt ppm Be. 
 Combined alloying led to a more oxidation resistant alloy containing less toxic Be. 
 The synergistic effect and mechanism of Be and Ca in improving the oxidation resistance of 
Mg alloys was discussed 
 
 
 
 
Abstract 
The present work showed that the oxidation resistance of Mg-9Al-1Zn at elevated temperatures was 
improved by combined alloying with Be and Ca. AZ91 alloyed with 20 ppm (wt) Be and 0.5 wt.% Ca 
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had higher oxidization resistance than that of AZ91 containing 60 ppm (wt) Be. The improved 
oxidation resistance was attributed to (a) the formation of a Be-reinforced compact CaO-MgO 
composite layer on the alloy surface, and (b) suppressing the grain boundary evaporation of Mg by (i) 
the elimination of Mg-Al eutectic micro-constituent, and (ii) the increase in thermal stability of the β-
Mg17Al12 due to the Ca alloying. 
 
Keywords: A. Magnesium; A. Alloy; B. SEM; C. Oxidation 
 
 
1. Introduction 
In recent years, the demand of light-weight and high-strength materials in automotive and aerospace 
industries has increased the interest in magnesium (Mg) alloys [1-3]. However, the widespread usage 
of Mg alloys is limited by its low oxidation resistance at high-temperatures above 400 C [4-9]. When 
Mg alloys are exposed to air during high-temperature manufacturing processes, such as casting, 
welding and heat treatment, they suffer from significant surface degradation and even cause fires [10-
12]. The poor oxidation resistance of Mg alloys is attributed to the following factors [10, 11, 13-17]: 
(i) the MgO scale is not compact due to the low Pilling-Bedworth ratio (P-B ratio) of 0.81, and 
consequently the MgO scale provides a poor barrier to further oxidation; (ii) the vaporisation of Mg 
becomes significant at high temperatures, raising the internal stress inside the MgO layer, causing 
cracking of the MgO film, and providing fuel for ignition; (iii) the large amount of heat generated 
from the exothermic oxidation process contributes further to oxidation and ignition. The initially thin 
and adherent MgO layer becomes porous at high temperatures. As oxidation continues, catastrophic 
oxidation and eventually ignition occur. 
Mg alloys with trace amounts of beryllium (Be) have been found to have lower rates of oxidation, and 
higher ignition temperatures [18-20]. Be is one of a few elements that has an affinity to oxygen higher 
than that of magnesium. BeO has a high P-B ratio of 1.70 [21]. Thus, the increased oxidation 
resistance has long been attributed to the formation of BeO. Zeng et al. [22, 23] found that AZB910 
containing 0.3 wt.% Be could be melted without burning, even without shielding gas. Czerwinski [24] 
found that the onset of accelerated oxidation of AZ91 at 487 C was delayed by alloying with only 10 
ppm (wt) Be. Our recent work [25] found that the solid-state oxidation rates of AZ91 containing Be 
were significantly reduced when the Be content was increased from 10 to 60 ppm (wt).  
But, Be is expensive and it is also poisonous [26]. Inhalation of beryllium dust or fumes has been 
associated with acute and chronic lung disease [27-29]. During manufacturing processes, engineering 
controls, including local exhaust ventilation, and personal protective equipment (respirators, masks, 
protective eyewear, clothing, and gloves) are mandatory [30]. Hence, producing oxidation resistant 
Mg alloys with low Be contents has technological and practical significance. An approach is to use 
calcium (Ca), which has been proved effective in enhancing the oxidation resistance of Mg alloys [31-
33], by the formation of CaO-rich oxide layer on the surface [32, 34, 35]. Cheng et al. [35] reported a 
negligible oxidation rate for AZ91 containing 1.5 wt.% Ca, after oxidation for 7 hour at 400 C in air. 
Lee [36] found that the oxidation rate of AZ31, within the temperature range from 450 C to 650 C, 
was significantly decreased after alloying with 0.3 wt.% Ca. More recently, Li et al. [3] found that the 
ignition temperature of AZ91 was increased from 545 C to 870 C by alloying with 6 wt.% Ca.  
However, the following questions are still unanswered: (i) which one, Be or Ca, is more effective, (ii) 
what are their differences, and (iii) what is their combined influence on the oxidation behaviour of Mg 
alloys. Hence, the present work aimed to investigate the roles of Be and Ca, to study their combined 
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effects on improving the oxidation resistance of AZ91 alloys, and therefore to minimize the usage of 
Be in oxidation-resistant Mg alloys.  
 
2. Experimental Methods 
2.1 Alloy preparation 
The AZ91 alloys were produced using commercially pure Mg, Al and Zn, and commercially available 
Al-5 wt.% Be and Mg-20 wt.% Ca master alloys. As Be is toxic in the form of dust or powder [27-29], 
master alloys must be used to add Be into Mg melt. In addition, to avoid the creation of dust, the Al-5 
wt.% Be master alloy could only be cut using scissors during raw material preparation. No sawing and 
grinding were allowed. The alloys were melted in a steel crucible in an electric resistance furnace at 
740 C, under the protection of a shielding gas of 1 vol. % SF6-49 vol.% CO2-50 vol.% dry air. The 
melt was isothermally held at 740 C for 20 min to ensure that all the alloying elements were 
completely dissolved. Then, the melt was cast into a steel mould, preheated at 200 C, and cooled to 
room temperature. Table 1 lists the chemical compositions of the alloys, determined by Spectrometer 
Services PTY. LTD. using inductively coupled plasma (ICP).  
2.2 Microstructure characterization 
A JEOL 7001 field emission scanning electron microscopy (FESEM), equipped with energy 
dispersive spectroscopy (EDS), was used to examine (i) the microstructures of the as-cast alloys, and 
(ii) the cross-sectional morphology of the oxide films on the alloy surface after furnace oxidation for 
144 hours at 400 C. In addition, a NETZSCH STA409 differential thermal analysis (DTA) apparatus 
was used to measure the melting temperature of each alloy at the heating rate of 10 K/min. 
 
2.3 Oxidation evaluation 
The oxidation behaviour was characterized by (i) thermogravimetric analysis (TGA) at 400 C and 
450 C for 5 hours in air in a NETZSCH STA409 TGA analysis device; (ii) examination of samples 
after heating in air in a furnace at 400 C for 144 hours; and (iii) determination of the ignition 
temperature of the alloys. The TGA provided the relationship between the weight gain of the sample 
and oxidation time. Samples were 12 ×12 × 10 mm in size. Samples were cut from the ingots, and 
were mechanically ground and polished. The furnace oxidation allowed visual examination of the 
long-term oxidation behaviour of the alloys. 20 × 20 × 15 mm block samples, cut from the same 
ingots, were used to determine the ignition temperatures. Fig. 1 schematically shows the experimental 
device for the ignition test. The block sample was heated in a steel crucible in a small electric 
resistance furnace. The furnace temperature was increased at a rate of 5 C/min from room 
temperature. A K-type thermocouple was placed in a small hole drilled into the centre of the sample 
and was used to record the sample temperature, using a PC controlled data acquisition system. The 
ignition temperature was identified as the sharp increase of the sample temperature, which was caused 
by the exothermal burning of the Mg alloy after ignition of Mg alloy. It is recognized that the ignition 
temperature is strongly dependent on the details of the experimental set up as shown by Liu et al. [9] 
and so the ignition temperature is not an intrinsic material property. Nevertheless, useful insights can 
be gained from a comparison on the ignition temperature measured with similar set ups. The ignition 
temperatures were included in Table 1. 
 
3. Results and discussion 
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3.1 Microstructure 
Fig. 2 shows the microstructures of as-cast AZ91 and AZ91Be60 and the EDS mapping. The 
microstructure was similar for both alloys. Both alloys contained a eutectic micro-constituent 
consisting of α-Mg and β-Mg17Al12 distributed mainly along the dendrite boundaries of the α-Mg, as 
described in previous work [36]. Be was not detected by the EDS mapping because of its low 
concentration. Fig. 3 shows that, unlike AZ91Be60, the microstructures of AZX910 (containing 0.5 
wt.% Ca) and AZX911 (containing 1.0 wt.% Ca) were remarkably different to that of AZ91. Fig. 3a 
shows that for AZX910, the majority of Ca was dissolved into the β-Mg17Al12 and there was no new 
phase. However, Fig. 3b shows that in the microstructure of AZX911, a chain-shaped phase partially 
replaced the β-Mg17Al12, and there was a new lamellar structure along the dendrite boundaries. The 
EDS analysis showed that the approximate chemical composition of the chain-shaped phase was 
18.78 at.% Mg, 54.43 at.% Al and 26.79 at.% Ca, consistent with Al2Ca as described by Liang and 
co-workers [37]. The new lamellar micro-constituent was considered as the α-Mg-Al2Ca eutectic 
micro-constituent [37-39]. Alloying with 60 ppm (wt) Be did not lead to noticeable microstructure 
changes in the as-cast AZX910 and AZX911 alloys as shown in Fig. 4. EDS mapping could not detect 
the Be. 
3.2 Oxidation kinetics 
Fig. 5 presents the isothermal oxidation data at 400 C and 450 C for 5 h in air for all the alloys. 
Compared with AZ91, alloying with Ca and Be reduced the overall weight gain at both temperatures, 
indicating an increase in oxidation resistance. The isothermal oxidation data indicated two oxidation 
stages: (i) the initial parabolic stage, and (ii) an accelerated oxidation stage. The initial parabolic stage 
was considered to be an incubation period [6, 10, 13, 25, 40], within which the MgO layer formed on 
the sample surface provided protection for the substrate. In contrast, the accelerated oxidation stage 
indicated the breakage of the oxide layer, and linear oxidation kinetics [6, 10]. Fig. 5b shows that, for 
oxidation at 400 C, the incubation period of the AZ91 was ~70 min and the overall weight gain was 
0.138 mg/cm2. Alloying with 0.5 wt.% Ca led to the increase in incubation period of the AZX910 to 
~200 min. For all other alloys, the incubation period was over 300 min at this temperature. Oxidation 
at 450 C shortened the incubation periods of the AZ91 and AZX910 alloys to ~ 25 min and ~ 80 min, 
respectively, and also facilitated the accelerate oxidation stage for all alloys containing less than 20 
ppm (wt) Be. Fig. 5b indicates that the accelerated oxidation occurred for the AZX910Be10, AZX911 
and AZX911Be10 alloys within the test period and their incubation periods were approximately 160 
min, 260 min and 220 min, respectively. In contrast, for all other alloys containing 20 ppm (wt) or 60 
ppm (wt) Be, including AZ91Be60, AZ91Be60, AZX910Be20, AZX911Be20, AZX910Be60 and 
AZX911Be60, the oxidation still followed parabolic kinetics within the entire oxidation test period, 
and their weight gains were almost the same.  
These results indicated that (i) Be and Ca can improve the oxidation resistance of Mg alloys, (ii) Ca is 
not as effective as Be, and (iii) the combined alloying with Ca and Be may achieve better results. For 
example, after combined alloying of 20 ppm (wt) Be and 0.5 wt.% Ca into the AZ91 alloy, the 
oxidation resistance of the AZX910Be20 was similar to that of the AZ91Be60. Namely, due to the 
synergistic effect of 20 ppm (wt) Be and 0.5 wt.% Ca, the usage of 60 ppm (wt) Be could be reduced 
by 67%. 
3.3 Air oxidation 
To further investigate the oxidation behaviour of the Be and Ca containing AZ91 alloy, longer 
oxidation test was carried out in air in a furnace. Fig. 6 exhibits the surface appearances of the 
samples after 144 hour furnace oxidation at 400 C followed by cleaning off the oxide powder. The 
AZ91 alloy was massively destroyed, attributed to the fact that the MgO layer on the AZ91 was non-
protective during the long-term oxidation. Exposed Mg and Mg vapour directly reacted with oxygen, 
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leading to the alloy oxidation. The AZX910 and AZX911 were also severely oxidized even though 
the AZX911 alloy with higher Ca content showed less oxidation. This result indicated that single 
addition of Ca was insufficient to protect the AZ91 alloy from long-term oxidation. In comparison, 
the original sample shapes of all Be-containing alloys remained unchanged except for some scattered 
oxide nodules on the surface of AZX910Be10 and AZ91Be60. The exposed oxide nodules 
represented the onset of film cracking [10]. The Mg vapour diffused through the cracks. Reaction with 
oxygen and the deposition of the Mg oxide resulted in the formation of Mg oxide nodules [6]. The 
onset of accelerated oxidation is associated with the appearance of oxide nodules [10, 13, 14]. Further 
oxidation leads to the coalescence of the nodules, and then the formation of a loose oxide layer [6], 
such as the black scales on the AZX910 and AZX911. The oxidation of the AZ91Be60 alloy implies 
that alloying only Be, even up to 60 ppm (wt), is not as effective as the combined alloying with Be 
and Ca in improving the oxidation resistance of the AZ91 alloys because all other alloys, including 
AZX910Be20, AZX911Be10, AZX911Be20, AZX910Be60 and AZX911Be60, showed no noticeable 
oxidation in air at 400 C for 144 hours. There were neither black oxide layers nor oxide nodules on 
the surfaces of these alloys containing both Be and Ca. 
3.4 Ignition temperature   
Fig. 7 presents the ignition temperature for all alloys. AZ91 had the lowest ignition temperature of 
549 C, which was close to its solidus temperature of 550 C [41]. This indicated that the oxide layer 
formed at the solid state provided sufficient resistance to ignition until partial melting of the alloy. 
When the temperature was close to or above the solidus temperature, the AZ91 alloy started to melt, 
dramatically increasing Mg vaporisation [10, 11, 17]. The Mg vapour diffused out through the cracks 
in the oxide layer and rapidly reacted with oxygen. As oxidation of Mg is exothermic, the large 
amount of heat created conditions that favoured ignition [17]. This also suggested that the Mg vapour 
is the ignition species [6].  
Alloying with Ca and Be increased the ignition temperature of AZ91. Fig. 7 indicates that (i) the 
ignition temperature increased with an increase in either Be or Ca concentration, and (ii) the 
combined effect of Be and Ca was more significant than single alloying.   
The ignition temperature of AZ91Be60 (60 ppm (wt) Be only) was 659 C, which was almost the 
same as that of AZX911 (1.0 wt.% Ca only).  
However, AZX910Be20 (20 ppm (wt) Be and 0.5 wt.% Ca), AZX910Be60 (60 ppm (wt) Be and 0.5 
wt.% Ca), AZX911Be20 (20 ppm (wt) Be and 1.0 wt.% Ca), AZX911Be60 (60 ppm (wt) Be and 1.0 
wt.% Ca) had a higher ignition temperature. AZX911Be60 had the highest ignition temperature of 
697 C.  
AZX910Be20 was particularly interesting. This alloy, containing 20 ppm (wt) Be and 0.5 wt.% Ca, 
had a significantly increased ignition temperature of 677 C, which was higher than that of AZ91Be60 
and AZX911. Further addition of Ca up to 1 wt.% (AZX911Be20) marginally increased the ignition 
temperature by only 2 C compared with the AZX910Be20 alloy. Considering the cost and the 
potential of embrittlement caused by a higher Ca concentration in the Mg-Al based alloys [42], the 
addition of 20 ppm (wt) Be and 0.5 wt.% Ca was considered as an optimal addition to sufficiently 
improve the high temperature oxidation resistance of the AZ91 alloy. 
 
3.5 Analysis of the oxide film 
Fig. 8 presents FESEM images of the cross-sections of the oxide layers formed on the four typical 
alloys, AZ91, AZ91Be60, AZX911 and AZX911Be60, after 144 hour furnace oxidation in air at 400 
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C. Table 2 lists the chemical compositions from the EDS analysis of the particular regions marked in 
Fig. 8.  
Fig. 8a shows that AZ91 had a 40 m thick porous oxide layer with vertical cracks. The layer 
exhibited a columnar structure consisting of dark and bright regions. Table 2 presents the chemical 
composition determined by EDS. The composition of the dark region was 30.48 wt.% O, 35.16 wt.% 
Mg and 3.18 wt.% Al; and of the bright region was 58.19 wt.% Mg, 31.95 wt.% Al and 6.18 wt.% Zn. 
This indicated an oxide layer of MgO and a metal layer enriched with Al and Zn, respectively. The 
formation of MgO consumed Mg, which led to the local increase in both the Al and Zn concentration 
at the metal-oxide interface and in-between the oxide [25, 43]. Because the P-B ratio of MgO is 0.81, 
MgO is regarded as an incompact structure with internal tension stresses in the film [6, 21, 25]. 
During high temperature oxidation, thickening of the oxide layer and significant Mg vaporisation 
results in internal stress accumulation, leading to film cracking [6, 40]. The cracks allowed outward 
diffusion of Mg vapour and inward diffusion of oxygen, which accelerated the oxidation. At higher 
temperatures, e.g. above the solidus temperature, the incompact layer was entirely non-protective 
because of the vigorous Mg vaporisation. Therefore, the alloy ignited at a lower temperature of 549 
C as shown in Fig. 7. 
Unlike AZ91, a 0.5 m thick, uniform, flat oxide layer formed on the AZ91Be60 alloy after furnace 
oxidation at 400 C for 144 hour in air. There were neither cracks nor pores within the continuous 
layer, indicating a compact structure. The compact oxide layer acted as a barrier to prevent both the 
outward diffusion of Mg vapour and the inward diffusion of oxygen. As a result, the oxidation 
resistance was improved. The EDS analysis showed that chemical composition of the compact oxide 
layer was 36.85 wt.% Mg, 43.23 wt.% O, and 1.65 wt.% Al. But, no Be was detected within the layer 
due to limitation of the EDS. The BeO has been considered as the major contributor to the improved 
oxidation resistance [23, 44, 45] in Be-bearing Mg alloys because the P-B ratio of BeO is 1.70 [21]. 
However, the present result indicated that the presence of Be did not cause the formation of a compact 
BeO barrier layer. An alternative hypothesis proposed by Czerwinski [40] was the reactive element 
effect (REE). The trace amount of Be works as a reactive element (RE) in the alloy. During high 
temperature oxidation, the RE migrates to grain boundaries of local oxides, retarding the outward 
diffusion of Mg-ions. This hypothesis has not been experimentally verified yet. 
Fig. 8c shows the cross-sectional oxide morphology of the undamaged area on AZX911 
(corresponding to point A in Fig. 6). The oxide film was around 2 m thick with a duplex structure 
consisting of bright ridge-shaped layer and dark porous layer. The EDS analysis as listed in Table 2 
indicated that the ridge-shaped layer (Point 2) was a CaO-containing layer with composition of 47.37 
wt.% Mg-27.96 wt.% O-14.97 wt.% Ca. The porous layer (Point 3) was mainly MgO containing only 
4.25 wt.% of Ca.  
As both Mg and Ca have high affinity to oxygen [34], the possible reactions that may occur on the 
surface of AZX911 at 400 C are: 
Mg(s) +
1
2
O2(g) = MgO(s)                                                                                                                                (1) 
Ca(s) +
1
2
O2(g) = CaO(s)                                                                                                                                  (2) 
The change of Gibbs free energy ∆𝐺 of these reactions, for the concentrations of interest herein, were 
as follows [45]:   
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∆𝐺1 = ∆𝐺1
0 + 𝑅𝑇ln (
(𝛼MgO)
(𝛼Mg)(𝑝O2)
1
2
 ) = −524 202 J/mol                                                                         (3) 
∆𝐺2 = ∆𝐺2
0 + 𝑅𝑇ln (
(𝛼CaO)
(𝛼Ca)(𝑝O2)
1
2
 ) =  −519 458 J/mol                                                                        (4) 
where ∆𝐺0 is the change of Gibbs free energy in the standard state (25 C, 1 atm); T is the reaction 
temperature (in K); R is the gas constant; 𝑝 is the partial pressure; α represents the activity. The partial 
pressure of O2 was assumed to be 0.21 at the oxide/gas interface [46], MgO and CaO are considered 
as pure solids, so both αCaO and αMgO are equal to 1; αCa and αMg can be approximated by their atomic 
concentrations of 𝑐Mg and 𝑐Ca [23]; the EDS measured Mg and Ca atomic concentrations were 95.57 
at.% and 0.08 at.%, respectively in the present work in the as-cast alloy; and ∆𝐺1
0 = -528 822 J/mol 
and ∆𝐺2
0 = -563 724 J/mol [48]. 
These data indicate that the MgO formed prior to CaO at the initial oxidation stage because ∆𝐺1 < 
∆𝐺2 even though the standard free energy of formation of CaO is lower than that of MgO [49]. The 
formation of MgO led to the local depletion of Mg at the interface between the oxide and the matrix, 
resulting in Ca enrichment of the surface and CaO formation. As further oxidation progressed, more 
Ca and Mg atoms diffused outward, forming the CaO/MgO composite layer (the ridge-shape) as 
exhibited in Fig. 8c. The improved oxidation resistance of AZX911 was attributed to the formation of 
this CaO/MgO composite layer, which enabled the isolation of the Mg substrate from the oxygen in 
air. However, since the P-B ratio of CaO was only 0.65 [21] this composite layer was insufficiently 
compact. For long-term oxidation at high temperature, the evaporation of the underlying Mg 
significantly increased the internal stress in the layer and led to the formation of micro-cracks as 
indicated in Fig. 8c. Such cracks acted as fast oxygen penetration channels and oxidation of the 
substrate continued. The formation of fresh oxide at the crack walls and at the oxide/metal interface 
resulted in the outward growth of the ridges [14]. In addition, Mg vapour diffused through the cracks 
and directly reacted with oxygen, resulting in the formation of porous MgO layer over the ridges. 
Compared with the tightened MgO layer on the AZ91Be60 (Fig. 8b), the CaO/MgO composite layer 
provided insufficient protection of the substrate from long-term oxidation. Hence, severe oxidation 
occurred on this alloy as illustrated in Fig. 6. However, Fig. 7 shows that the ignition temperature of 
AZX911 was similar to that of AZ91Be60. This was attributed to the surface active effect of Ca in 
liquid Mg [50]. After the alloy was melted, accumulation of Ca on the surface was achieved due to its 
surface activity. Therefore, the formation of CaO was significantly promoted. Despite the fact that the 
P-B ratio of CaO was low, the formation of a thick and continuous CaO-rich layer effectively 
suppressed the Mg vaporisation, and thereby increase the ignition temperature.  
Fig. 8d shows that AZX911Be60 had a ~1.5 m thick, flat, dense, continuous oxide layer on the 
surface. This oxide layer consisted inner and outer layers. Table 2 indicates that the composition of 
the brighter inner layer (Point 2) was 45.57 wt.% Mg, 20.98 wt.% O, and 21.44 wt.% Ca; while that of 
the outer layer (Point 3) was 36.27 wt.% Mg, 34.03 wt.% O, and 3.84 wt.% Ca. The EDS result 
indicated that the inner layer was a CaO/MgO composite layer and the outer layer was the dense MgO 
layer that was similar to the oxide layer on the AZ91Be60 alloy. Although no Be was detected, it was 
considered that the formation of the outer compact MgO layer was attributed to the reinforcement 
effect by Be. The actual mechanism of Be reinforcement to the MgO layer is unclear and research on 
this topic is being undertaken. In comparison with the AZX911 in Fig. 8c, the duplex oxide layer on 
AZX911Be60 was more flat and compact. There were neither cracks nor ridges within the layer. This 
duplex oxide layer effectively suppressed the evaporation of the underlying Mg and the inward 
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diffusion of oxygen. Therefore, the AZX911Be60 had a low oxidation rate (Fig. 5 and Fig. 6) and the 
highest ignition temperature of 697 C (Fig. 7). 
3.6 DTA analysis 
High temperature oxidation of Mg alloys is typically accompanied with a change of the 
microstructure and even partially melting of alloys [6]. Fig. 9 presents the differential thermal analysis 
(DTA) curves for AZ91, AZ91Be60, AZX911 and AZX911Be60. The onset point of the DTA valley 
represents the melting of the eutectic micro-constituent and the area of the valley represents the total 
heat absorbed to melt the eutectic micro-constituent [16]. Fig. 9 shows that alloying with Be did not 
change the melting temperature of AZ91. The onset melting temperature AZ91 and AZ91Be60 were 
between 423 C and 424 C, which was close to the Mg-Al eutectic temperature of 437 C [16]. 
Because alloying with Be did not change the microstructure of the alloy as shown in Fig. 2, there was 
no influence on the melting temperature. However, alloying with 1.0 wt.% Ca significantly increased 
the onset melting temperature of the AZX911 and AZX911Be60 to 457 C. This is attributed to the 
elimination of the low melting temperature Mg-Al eutectic micro-constituent through forming the 
high melting temperature Al2Ca for the alloys with Ca [51]. The EDS data in Fig. 3 and Fig. 4 
indicated that, in addition to the formation of Al2Ca, Ca was also dissolved in the β-Mg17Al12 phase 
along the dendrite boundaries in both alloys, which increased thermal stability of the β-Mg17Al12 [52].  
 
4. Synergistic effect of Ca and Be 
High temperature oxidation of Mg alloys relies on the outward diffusion of Mg2+ and Mg vapour [6]. 
At temperatures above 400 C, the evaporation of Mg is significantly intensified, resulting in existing 
oxide film cracking, catastrophic oxidation, ignition and burning [6, 10, 13, 53]. Thus, the oxidation 
resistance of Mg alloys is mainly governed by (i) the compactness of the surface oxide layer; and (ii) 
the evaporation of Mg. The present results show that combined alloying with Ca and Be provided 
better protection of AZ91 from oxidation than single alloying with either Ca or Be. For example, 
AZX911Be60 had the best oxidation resistance at both 400 C and 450 C (Fig. 5 and Fig. 6) and the 
highest ignition temperature of 697 C (Fig. 7) for the alloys studied. The oxidation resistance of 
AZX910Be20 (0.5 wt.% Ca and 20 ppm (wt) Be) was comparable to that of the AZ91Be60 alloy (60 
ppm (wt) Be). The high oxidation resistance was attributed to the formation of a compact oxide 
surface layer.  
To understand how the Ca and Be combined addition improved the oxidation resistance of the AZ91 
alloy, taking AZX911Be60 as an example, a hypothesis for the evolution of the compact oxide layer 
is schematically depicted in Fig. 10. Thermodynamic calculation suggested that the MgO formed prior 
to the CaO at the initial oxidation stage. The initially formed MgO film was considered as thin and 
crack-free [6] as shown in Fig. 10a. The growth of the oxide proceeded by the outward diffusion of 
metal cations and the inward diffusion of O2- anions. Van Orman et al. [54] reported that the diffusion 
coefficient of the group IIA cations in MgO decreased with increase in the ionic radius. The ionic 
radius of Mg2+, Be2+ and Ca2+ cations were 0.066 nm, 0.035 nm and 0.099 nm, respectively [55]. Thus, 
the rank of the diffusion rate in the MgO was Be2+ > Mg2+ > Ca2+. Because the Be concentration was 
too low to form a continuous BeO layer, the outward diffusion of Mg2+ led to the formation of the 
MgO layer. But, the outward diffusion of Be2+ cations might reinforce the MgO layer through either 
forming Be-MgO solid solution or the “REE” along the grain boundaries of MgO, which is to be 
clarified yet. Thus, a reinforced MgO layer with a compact structure was formed as illustrated in Fig. 
10b. As the oxidation progressed, the outward diffusion of Ca2+ cations together with the dissolution 
of the Ca-containing β-Mg17Al12 simultaneously increased the Ca concentration at the oxide/metal 
interface, leading to the formation of Ca-rich zone as shown in Fig. 10b. The enrichment of Ca at the 
oxide/metal interface enabled the formation of CaO. Therefore, a CaO/MgO composite layer was 
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formed underneath the compact MgO layer as shown in Fig. 10c. Although a single CaO layer was 
insufficiently compact to protect the substrate due to its low P-B ratio of 0.65, the CaO/MgO 
composite layer was considered to provide a more effective protection than either the single MgO or 
CaO layer [6]. Such a duplex oxide layer acted as barrier to prevent both the outward diffusion of Mg 
vapour and the inward diffusion of oxygen. In addition, alloying with Ca significantly increased the 
melting temperature due to the formation of thermal-stable Ca-containing β-Mg17Al12, elimination of 
the Mg-Al eutectic micro-constituent and the reduction in the volume fraction of β-Mg17Al12, which 
effectively suppressed the grain boundary Mg vaporisation, preventing film cracking. 
 
5. Conclusion 
i. Combined alloying with Be and Ca could more effectively increase the oxidation resistance 
and ignition temperature of AZ91 than single alloying with either Be or Ca. The highest 
oxidation resistance was achieved by alloying with 60 ppm (wt) Be and 1.0 wt.% Ca. The 
oxidation behaviour of AZX910Be20 (20 ppm (wt) Be and 0.5 wt.% Ca) was comparable 
with that of AZ91Be60 (60 ppm (wt) Be). Hence, 0.5 wt.% Ca alloying enabled a significant 
reduction of the expensive and poisonous Be. 
ii. A hypothesis is proposed regarding how Be alloying improves the oxidation resistance. The 
MgO oxide layer can be reinforced by either the formation of a Be-MgO solid solution or 
through the “REE” along the MgO grain boundaries. As a result, the MgO layer was more 
compact, providing better protection of the substrate from further oxidation.  
iii. Alloying of Ca enabled the formation of CaO/MgO composite oxide layer on the surface of 
the AZ91 alloy. Although the P-B ratios of both MgO and CaO are below 1.0, such composite 
layer could be more compact and stronger with more effective protection.   
iv. Combined alloying with Be and Ca was associated with a synergistic effect on the oxidation 
of the AZ91 alloy. Such synergistic effect of Be and Ca allowed the suppression of Mg 
vaporisation and the formation of a compact duplex oxide layer consisting of the outer 
reinforced compact MgO layer and the inner CaO/MgO composite layer. The duplex layer 
acted as barrier for both the outward evaporation of Mg and the inward penetration of oxygen, 
and therefore achieved high oxidation resistance.  
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Figure 1: Schematic of the experimental device for the measurement 
of the ignition temperature. The sample was heated in a steel crucible 
in a top-open electric resistance furnace with a linearly increasing 
temperature. The ignition temperature was identified by the sharp 
increase of the sample temperature.  
 
  
 Page 14 of 24 
Figure 2: FESEM/EDS microstructures of (a) AZ91 and (b) AZ91Be60 
alloys. Both microstructures contained α-Mg matrix, and α-Mg + β-
Mg17Al12 intermetallics in a lamellar eutectic micro-constituent. 
Alloying with 60 ppm (wt) Be did not significantly change the as-cast 
microstructure of AZ91 
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Figure 3: FESEM/EDS microstructures of (a) AZX910 and (b) 
AZX911 alloys. The lamellar Mg-Al eutectics were significantly 
reduced in both alloys. When Ca alloying reached 1.0 wt.%, the 
volume fraction of β-Mg17Al12 intermetallics in AZX911 were 
dramatically decreased. In addition, there were chain-shaped Al2Ca 
intermetallics and lamellar Mg-Al2Ca eutectics along the dendrite 
boundaries. 
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Figure 4: FESEM/EDS microstructures of (a) AZX910Be60 and (b) 
AZX911Be60 alloys. Alloying with 60 ppm (wt) Be did not 
significantly change the as-cast microstructure of both alloys. In 
addition, within the accuracy of EDS, Be was not able to be detected 
in the as-cast alloys due to its trace amount. 
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Figure 5: The thermogravimetric measurements of weight change 
versus time for as-cast AZ91 alloyed with Ca and Be in air at (a) 400 
C and (b) 450 C. The overall weight gains were listed within the 
figures. Alloying with Ca and Be reduced the rate of weight gain at 
both temperatures to different extent. The synergistic effect of 20 ppm 
(wt) Be and 0.5 wt.% Ca was similar to the effect of 60 ppm (wt) Be. 
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Figure 6: The macroscopic images of alloys after long-term furnace 
oxidation in air at 400 C for 144 hours. AZ91, AZX910 and AZX911 
were severely oxidized. The black scales on the surface indicated the 
formation of thick, non-adherent oxide layers. There were oxide 
nodules on the surface of AZX910Be10 and AZ91Be60, indicating the 
onset of film cracking. AZX910Be20, AZX911Be10, AZX911Be20, 
AZX910Be60 and AZX911Be60 were completely protected, indicating 
a high oxidation resistance 
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Figure 7: The ignition temperatures evaluated as the sharp increase of 
the sample temperature with a heating rate of 5 C/min. Both Ca and 
Be were beneficial in increasing the ignition temperature. Synergistic 
alloying with 0.5 wt.% Ca and 20 ppm (wt) Be increase the ignition 
temperature of AZ91 more than single alloying with 1.0 wt.% Ca or 
60 ppm (wt) Be. 
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Figure 8: Cross-sectional micrographs of the oxide layer on (a) AZ91; 
(b) AZ91Be60; (c) AZX911 and (d) AZX911Be60 after 144 hour 
furnace oxidation at 400 C in air. Alloying with Ca and Be 
contributed to the formation of a dense and compact oxide layer. 
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Figure 9: DTA analysis of AZ91, AZ91Be60, AZX911 and 
AZX911Be60 at a heating rate of 10 K/min. The melting temperature 
was increased by 30 °C after alloying with 1.0 wt.% Ca. In contrast, 
the effect of Be on the DTA curves of both alloys was minimal. 
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Figure 10: The schematic representation of the evolution of the oxide 
layer on AZX911Be60. (a) The formation of a thin MgO layer on the 
metal surface at the initial oxidation stage; (b) The Be-reinforced 
compact MgO layer grew over the initially formed layer due to the 
outward diffusion of Mg
2+
. Meanwhile, accumulation of Ca
2+ 
at the 
metal/oxide interface resulted in a formation of Ca-rich zone; (c) The 
CaO/MgO composite layer was formed beneath the compact MgO 
layer, providing additional protection against oxidation.  
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Table 1: Alloy composition analysis (wt. % or wt. ppm) carried out using inductively coupled plasma - atomic 
emission spectrometer (ICP-AES) and ignition temperatures. 
Sample Mg % Al % Zn % 
Ca % 
Be ppm 
Ignition 
temperature, °C 
AZ91 Bal 9.18 1.10 <0.01 <1 549 
AZX910 Bal 8.73 1.02 0.31 <1 598 
AZX911 Bal 9.06 1.06 0.80 <1 661 
AZ91Be60 Bal 9.57 1.03 <0.01 66 659 
AZX910Be10 Bal 9.30 0.94 0.36 6 622 
AZX911Be10 Bal 9.29 1.01 1.01 5 663 
AZX910Be20 Bal 9.17 1.02 0.42 25 677 
AZX911Be20 Bal 9.32 1.02 0.87 17 679 
AZX910Be60 Bal 9.38 1.09 0.49 52 693 
AZX911Be60 Bal 9.73 1.02 0.90 48 697 
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Table 2: Composition (wt. %) analysis of the regions in Fig. 8 by EDS 
Sample Region Mg Al Zn O  Be Ca 
AZ91 1 85.67 8.23 1.87 0.66 - - 
2 35.16 3.18 - 30.48 - - 
3 58.19 31.95 6.18 0.73 - - 
AZ91Be60 1 88.32 8.84 - 0.92 - - 
2 36.85 1.65 - 43.23 - - 
AZX911 1 87.13 8.22 1.38 1.08 - 0.70 
2 47.37 2.87 - 27.96 - 14.97 
3 64.47 1.65 1.20 23.03 - 4.25 
AZX911Be60 1 79.93 5.77 0.82 6.3 - 0.68 
2 45.57 0.74 - 20.98 - 21.44 
3 36.27 1.60 1.21 34.03 - 3.84 
 
 
 
